The dipyrrin-1,9-dione scaffold of heme metabolite propendyopent coordinates late transition metals (Co, Ni, Cu, and Zn) forming homoleptic, pseudo-tetrahedral complexes. Electrochemical and spectroscopic studies reveal that the monoanionic, bidentate ligands behave as electron reservoirs as the complexes reversibly host one or two ligand-based radicals.
The degradation of heme in mammalian metabolism begins with the formation of linear tetrapyrrole biliverdin (Chart 1), which is catalysed by heme oxygenase primarily during the processing of senescent erythrocytes. Subsequent enzymatic and non-enzymatic reactions lead to the formation of lowerorder oligopyrroles, 1,2 containing three or two pyrrole rings, which were first isolated from urinary excretions. The coordination and redox chemistry of these urochrome pigments is far less established than that of their tetrapyrrolic congeners. We recently reported the first transition metal complexes of the tripyrrin-1,14-dione fragment (Chart 1). 3 This tridentate planar scaffold serves as a robust platform for Pd(II) coordination and ligand-based one-electron processes, thus behaving as a redoxactive ligand for the storage of redox equivalents. In general, heme metabolites could offer both the stability of physiological end products and the rich redox chemistry of non-innocent ligands for the engineering of novel redox reactivity. Herein, we examine the metal coordination and redox properties of the propentdyopent system, a heme metabolite and dipyrrolic analog of tripyrrindione and biliverdin. The unorthodox name propentdyopent refers to the absorption maximum (525 nm) of the red products (pentdyopents) obtained by reduction of these urinary pigments in alkaline solutions, which was first observed by Stokvis in 1870. 4 Subsequent studies over a period of five decades established the molecular structure of the propentdyopent family as well as the formation of colorless adducts in the presence of nucleophilic solvents such as water and methanol (Chart 1). 5, 6 Propentdyopent pigments are structurally related to the bidentate ligands of the large family of dipyrrins, 7 which form dipyrrinato metal complexes employed widely in multiple applications including fluorescent labels for bioimaging (i.e., BODIPY dyes), 8 coordination polymers, 9-11 and catalysts. 12 In spite of this similarity with a versatile family of ligands, the coordination chemistry of propentdyopents remains rather unexplored. Early reports indicated the formation of a zinc complex that was not characterized fully. 5, 13 Interestingly, Cu (II) and Co(II) propentdyopent complexes were isolated upon oxidative degradation of copper 14 and cobalt 15 complexes of octaethylbilindione, a biliverdin analog. Although propentdyopent complexes have not been detected (and possibly searched for) in biological settings, their formation could therefore arise, at least in principle, from direct metal binding or also from decomposition of complexes of larger pigments. These considerations, along with the possibility to access a new redox-active framework analogous to the tripyrrindione system, motivated the present study.
An all-ethyl analog of the naturally occurring propentdyopents (which typically feature methyl, vinyl or propionate substituents) was prepared from the photo-oxygenation of tetraethyldipyrrinone (aka tetraethylpyrromethenone) and isolated as the methanol adduct HpdpÁMeOH as previously reported. 6, 16, 17 Propentdyopent complexes were prepared in good yields by briefly refluxing (10-30 min) methanolic solutions of HpdpÁMeOH in the presence of chloride or acetate salts of Co(II), Ni(II), Cu(II), and Zn(II) (see ESI † for experimental details). The progress of metal coordination was monitored by UV-visible absorption spectroscopy owing to the p-p* transitions in the visible region that are characteristic of dipyrrin complexes (Fig. S3 , ESI †). Single crystals were obtained for all four complexes and analysed by X-ray diffractometry (Fig. 1) . Each neutral, homoleptic complex features two bidentate propentdyopent ligands in a non-planar geometry typical of 1,9-substituted dipyrrins. 7, 18, 19 All complexes are pseudo-tetrahedral, with dihedral angles between the propentdyopent planes being closer to orthogonality for the zinc complex (79.81) and most distorted for the copper complex (54.21). These data therefore showed that homoleptic cobalt and copper propentdyopent complexes, which were crystallized previously following degradation of tetrapyrrolic octaethylbilindione complexes, 14, 15 can be obtained directly from reaction with HpdpÁMeOH. For consistency of comparison across this series of structures of similar resolution, Fig. 1 shows our structures of Co(pdp) 2 and Cu(pdp) 2 rather than those reported previously (see ESI † for details). Bond lengths on the ligand frameworks (Table S3 , ESI †) remain comparable across this series (for instance, with C-O distances in the (1.209(7)-1.232(6) Å) range characteristic of carbonyl double bonds) indicating consistency of electronic structure and redox state for the propentdyopent scaffold, which coordinates as a monoanionic bidentate ligand in all cases. In the isolated neutral complexes, all the metal cations therefore maintain their divalent oxidation states and, unlike the tripyrrindione system, 3 Hpdp does not undergo oxidation upon metal coordination. These considerations were confirmed by spectroscopic methods (vide infra). (Fig. S7 , ESI †) recorded at 10 K presents a broad signal with turning points at (g > , g J ) E (4.5, 2.01) that are characteristic of a Co(II) center in tetrahedral crystal field (S = 3/2). The EPR data also confirmed a divalent oxidation state for the copper center in Cu(pdp) 2 (Fig. S8 and S9 , ESI †). For both complexes, the lack of hyperfine structure from the central ion nucleus (I = 3/2 and 7/2 for 63,65 Cu and 59 Co, respectively) in the spectra of samples in frozen glassy solutions indicates structural disorder likely related to a variation of the N-metal-N bond angle for each of the pdp À ligands and the dihedral angle between the ligand planes. In liquid solutions at room temperature, these structural variations are dynamic and rapid within the EPR timescale, which results in exchange narrowing and a resolved hyperfine structure for the Cu(II) complex (Fig. S9, ESI †) . The EPR signal from the Co(II) complex is not observed at room temperature because of very short magnetic relaxation times. All structural and spectroscopic data confirmed a divalent oxidation state for the metal centers in the isolated propentdyopent complexes. Their redox behaviour was then investigated by electrochemical methods (Fig. 2) . The cathodic sweep in cyclic voltammograms collected in CH 2 Cl 2 presents two quasi-reversible one-electron events at half-wave potentials lower than À1.0 V vs. Fc/Fc + (Table S5 , ESI †). These processes, which were previously documented (but not assigned) for cobalt propentdyopent complexes, 15 are consistent across this series of complexes including the redox-inactive d 10 Zn(II) cation and are therefore attributed to ligand-based reduction events. The small difference in half-potentials (180-260 mV) is ascribed to solvation energy effects for the two redox pairs Fig. 1 Crystal structures of homoleptic complexes Co(pdp) 2 , Ni(pdp) 2 , Cu(pdp) 2 , and Zn(pdp) 2 (CCDC: Co, 1434495; Ni, 1434496; Cu, 1431584; Zn, 1431605). In the views highlighting the dihedral angles between the planes of the ligands, the ethyl substituents have been omitted. Thermal ellipsoids are scaled to the 50% probability level.
(neutral/monoanionic vs. monoanionic/dianionic species) rather than to delocalization of the first reducing equivalent on both propentdyopent ligands. 21 As previously noted for the sequential reduction of homoleptic zinc complexes of pyridine-2,6-diimine 22 species. In addition, the voltammograms of the complexes of redox-active cations Cu(II) and Ni(II) exhibit one-electron, quasi-reversible oxidative processes, presumably of metalbased character, at 0.93 and 0.74 V, respectively. The Co(II) species presents an irreversible oxidative event at similarly positive potential. Collectively, these electrochemical observations support the notion of bidentate propendyopent ligands serving as electron reservoirs and prompt further characterization of the reduced species. For spectroelectrochemical and EPR spectroscopic investigations, the zinc complex was selected because of its sharp UV-visible absorption bands and because of its lack of metal-based electronic spins. As determined by spectroelectrochemical methods, the one-electron reduction of Zn(pdp) 2 is accompanied by a decrease of the main absorption bands (361 and 491 nm) and by the appearance of a new p-p* transition at 427 nm (Fig. 3,  top panel) , which doubles in intensity upon formation of the two-electron reduction product (Fig. 3, bottom panel) . The observed additivity of this band (and of the near-IR bands, vide infra) is consistent with two separate one-electron processes occurring on each ligand of the homoleptic complex, 22 with little or negligible interligand delocalization. In addition, the first reduction causes the appearance of two near-IR bands (670 and 740 nm), which are increased in intensity and slightly red-shifted (679 and 748 nm) by the second reduction. These low-energy bands are typical of ligand-based p radicals in oligopyrroles including tripyrrindione, 3 corrole, 25 2,2 0 -bidipyrrin 26 and bis(phenolate)-dipyrrin. 27 Confirming the reversible storage of reducing equivalents, exposure to air (over a period of 4 min) or application of an oxidizing potential yield over 95% of the parent complex (Fig. S6, ESI †) . Both the one-electron and the two-electron reduction products of Zn(pdp) 2 could be accessed by chemical reduction and detected by EPR spectroscopy. Following addition of a sub-equimolar amount of sodium amalgam (0.8 equiv. Na, 4 h) to a solution of Zn(pdp) 2 in THF at room temperature, the EPR spectrum Fig. 2 Cyclic voltammograms of Co(pdp) 2 , Ni(pdp) 2 , Cu(pdp) 2 , and Zn(pdp) 2 at a glassy carbon electrode in CH 2 Cl 2 with (n-Bu 4 N)(PF 6 ) as a supporting electrolyte. Data collected at a 100 mV s À1 scan rate using a Ag/AgCl quasireference electrode and a platinum wire auxiliary electrode. (trace a, Fig. 4 ) of the reaction mixture presents a narrow line (0.76 mT) at B o = 336.9 mT (g = 2.003) as expected for [Zn(pdp )(pdp)] À , a one-electron reduction product featuring a delocalized ligand-based organic radical (S = 1/2). In the presence of excess reductant (3.8 equiv. Na), the spectrum of a triplet species (S = 1) is clearly seen under a larger magnification (trace b, 2.1 h, Fig. 4 ). The signal increases in amplitude as the reaction progresses and presumably more reductant becomes available in the heterogeneous mixture (trace c, 3.3 h, Fig. 4 2 . A rich ligand-based redox chemistry is not uncommon in metal complexes of oligopyrroles, which typically present frontier orbitals of predominantly ligand character. The electron-rich p system of dipyrrinato ligands, however, is often implicated in one-electron oxidative processes. 19, 28, 29 In contrast, in homoleptic propentdyopent complexes, we demonstrated that electron-rich dipyrrolic platforms can reversibly undergo reduction and thereby serve as electron reservoirs for the storage of two reducing equivalents. These biologically occurring dipyrroles therefore extend the chemistry of dipyrrins and offer ligand-based reactivity of potential relevance to their chemistry in biological settings and to synthetic and catalytic applications. We gratefully acknowledge Drs Jonathan Loughrey and Sue Roberts for assistance with initial electrochemical measurements and analysis of X-ray diffraction data, respectively. This work was supported by the University of Arizona and by the National Science Foundation (CAREER grant 1454047 to E. T.).
Notes and references ‡ At longer reaction times, both the central line and the dipolar features gradually change, indicating degradation through ligand dissociation and/or reactivity of the reduction products. These effects occur faster with larger amounts of reductant; however, the initial products are stable for about 4 h at room temperature in the presence of 3.8 equiv. of sodium under an inert atmosphere.
